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EFFECTS OF TYPE OF POLARIZATION
ON ECHO CHARACTERISTICS

A. ABSTRACT

By the use of a scattering matrix the dependence of echo upon trensmitting and
Teceiving antesna polarizations for a particular radar target can be described by the
variation in absolute value of a complex bilinear form. From a study of this expres-
sion the antenna polarizatims which yield maximm return, ss well as those which yield
tero returmn signal, may be found. The discrimination that & particular choice of
antenns polarizations gives between a desired target and an undesired target, such as
rein clutter, can alao be studied quantitatively by this means. A consistent method
of identifying targets by their scattering properties is also indicated.

A graphical means of presenting polarization dependence of target echo is desir-
able in the analysis of reaponse from more than one target, or more than ane aspect
of & given target. Since the polerization yielding smxissm retum fram a target
varies ss that target changes in sspect, the best polerizatian for a range of sspecta
munt be selected. The graphical eanalysis of such data is rede possible by use of a
polerization chart, on which each point correaponds to a particular antenna polariaa-
tion. Points on constant echo curves represent polarizaticns for ehich the echo is
constant, and the areas common to these curves for seversl targets way be atudied to
select the over-all optimm polariration. Several typss of polarization charts are
scudied, and the relation of these charts to a three-dimsnaianal polerizatin chart
o e aphere is showm.

Detarwination of the scattering mtrix of a particular reder target is best mede
by meens of ¢ wodel method such as used at the Antaans Laboretory of the Depertasat of
Electrical Enginsering, The (hio State Uniwersity. The scattering matrix cmtaina
important phase factors which sust be deterwined. The measuring techaique is grestly
sinplified if the Jastrsd information can be cbtained solely f{row esplitude messureceats.

A method of determinicy the sspliuae. aow phases of the coouments of o target
scattering matrix by amplit:de meeauresents alone is discussed. Seven snplitude

ssesutementa mat be made to campletsly datermine the scattering satrix.

Apparatus for measuring the scattering satrix has besn developsd, ead seversl
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preliminary tests are described.
8. PURPOSE

This Fourth Quarterly Progress Repor: is to be a susmary of the theoretical
studies of the effects of antenna polarization upon echo characteristics made during
the period 15 June 1949 to 15 June 1950.

C. FACTUAL DATA

t« TMEORETICAL STUDIES
a. Use of Scattering Matrix
(1) Description of Coordinate Axes and Polarization
Since several methods of representing the polarizatian of an
el liptically polarized wave are in use at preamt, the convention used in this discus-
sion will be defined.

Consider the coordinate system shom in Fig. 1, with a target
located at the origin, and the transmitter at & large disteace r from the origin along
the s~axis. In a plans perpendicular to the z-axis, two orthogonal unit vectors are
chosen to define the positive & and @ directions. At & point P, where the polarization
of a vave traveling along the z-axis is to be studied, two ideatical, ccplanar, linearly
prlarized dipole antennas sre placed parallel to the 4 and ¢ directions, The voltages
induced in the & and ¢ directed dipoles are represented by E, lndlé . These two
voltages my be expressed in complex notatiam by:

5’ -E, .) ¥12
~j 3
E‘ . E‘ ! /? ,

(1)

dnnE'adE'.mucl and positive, and § is the phasa lead of K, mrﬁ‘ . The
e magnitudes, E‘ and E, , and the phase angle plus the directioa of propagation,
describe the vave complately. If e wave traveling from the trensmitter toward the
terget (or origin) is deacted by the superscript *'¢**, and a wave treveling from the
target {or origin) by the superscript *+r’¢, then a transaitted wave shich induces
volucur. mds‘inthmtutmmldhmmudua teo-camponeat vector:

E ¢ . (2)

Similerly, & reflected weve shich induces the same voitages in the test sateans would
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ence system will actually have polarization ellipses which are inclined at supple-
mentary angles to the conmon reference axis and have cpposite senses of rotation,
looking in the direction of propsgation in each case.

(2). The Scattering Matrix
In genersl, the pclarization of a plane wave which falls upon a
radar target is changed upon reflection. This is due to two phenamens: selective
reflection of the several corponents of the incident wave; and coupling between ane
camponent of the incident wave and the orthogonal campanent of the reflected wave. If

y

PRI
LA N D I (4
DA A

. ‘.. Yo "‘ ’q ‘.A."&

ey,

.

’oe

A

SR
’

L

A XM

. z Fig. | Coordinate systea.

the incident plane seve is lineerly polarized in the Z direction, thea

r,0 0 e




»
.

% \" ,'

204,

PR ARARAARS (A7

P A

£3

LI Y )

% A

LA
(R R ™

e te Ot .0,
2atele -".(.'.' '

‘. rv [N
PP I SR

[

PN

"

K “l K o" ot ‘..l‘.:’

t
g
0

The reflected wave at a large distance r fron the origin is essentially spherical and
contains only transverse components which can be measured by the test antenna as

. 2] . (s)

The components of the reflected wave are related to the incident wave linearly:

r t l
Ea‘ - (011 EO) . p ri

(6)
r 4 _;__
Eé; = (a8, Ea)m- .

shere

r
g
8
G, r—Ver r

E9
r (7)
Eé\ i
Ay n—E-!—J I+ rt
(2}

Similarly, if the incident wave is linearly polarized in the ¢

¢ 0
E: = t . (3)
Eé

the reflected vave ot a lorge distance r wonld be givea by

direction,

r -]
€y« ? . (9
56:

where

(i0)
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By the superposition theares, if the incident wave were to consist of both linearly
polarized carponents

¢
E
E B rE .| o] . (12)
Eé
the reflected wave will Le given by,
P r
B 48
TR A O (3)
Eﬁ +5

or in matrix notatiom,

. i
N £ E; Gy 9\ 50 1
- " ) 8' Je—'—r? . (l‘)

The ratrix
35 &y
A - (15)
%31 g2

is known as the scattering satrix,} end cospletely deterines the polarisation trans-
farwing propertiea of the target in the refereace direction by the equation
£ uaf (16)
Vet

{3). vector intecsa Melght
Jo & given direction the tranawitting sad receiving properties of
an aateaca iy be degcribed by & two-compoment vector height so defined that, if the
antenm iz weed for trenamitting, the velues of the tso trenaverse components of
tranamittad fisld st a large distance # fram the antenns in the refereace directian are

given by:
¢ z‘ !( ]
E‘ .._..__A.
ar 17)
z1
] et ¢t
for oy
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f;:: neglecting a common phase factor which depends upon the distance. Z, is the impedance
'.::’.'. of free space, I, the terminal antenna current, A the wavelength, and hy and h, are the
n corponents of vector antenna height in the pasitive § and ¢ directions respestively.
This relaticn may be expressed in vector notation as:

b ' 2,1

t .t '

> E «h — . (18)

If the antenna is used for receiving, the value of the terminal voltage developed by

E:: an arbitrary plane wvave incident upon the antenna fram the reference direction is
o~
:-‘ ror r.r r r
':‘i v'.sah3+£éh¢.£ "h [y (19)
where the vectors h’ and h' are identical for the sare antenda.
N Corbining the relations
N
oy,
z,1
v;“: Et Lot
\. Ar
N L
NG £ .4t : (20)
.- AL e
r r
R V' = £ h .
the equatian
21

Va2 h"an' (21)

B AV

ia cbtained. For a given input power and target range, the wegnitude of the received
voltage is proportions] to s quantity @, where

Q- b anh’] . (22)

The vercical lines denote sbsolute megnitude of the enclosed quantity, h'is the vector
height of the trensmitting antenna, h" is the veetor height of the receiving antenns,
aad 4 is the scattering retrix of the target. For a giwen input power to transwitiing
anteana, the received power is proportioas) to

"
o
,

ety be
CYURY ORE £
@ - [h A (' * {° . (23)
o "o \a!
\2:: G2y s

o e 0,00,
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It is sufficizat to study the behavior of Q7 for various choicis of A end h'. ta
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deterwine the respmise of the aatesna-targe. Jyster for varicus typse of polerizatiea.
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Since, in practice, the efiective receiving or transmitting sres of the anteana is
¢
limited, the condition that the absolute values of b and h' be equal to unity 13 also
imposed. Using the equation for v,
Z 1

(- 2 4 r t

W_h AN, (24)
A r'vVn

V, o
the received voltage for o 6 directed, linearly polarized transritting antenns and a
@ directed, linearly polarized identical receiving antenna is
Z 1,
AN

If transaitter and receiver are icterchanged, the ¥oltage is

V..

ay, - (25}

v % 1,

-2 AN

%, {26}

By the reciprocity theorer, these must be the same. Hence the scattering matrix 1s
syemetric, and a,, » &,, .

Insteed of twc orthaganal linearly polarized antennas two
orthogonal elliptical'y polarized sntennas right be used to define the scattering
matrix.2 If the vectar beight of one elliptically polerized anteana in & linearly
polarized reference syater 13 given by

*
b, . . (U]
|
®
the elliptically polarized weve which it lest receives wonld hove componeats
.\
h
S (28)
h.
°

shere the ssteriska deote complex coningates.d The anterus orthogonal to b, wonld
aot detect i3 weve, heace

shere Sis whittery, defines the orchognal eatmcs. Todeterrine the seattering wotrx
relative to the new orthogonal ellintically polarized reference vectors b, esd h, form




the products

o, =h, A,
4;1 = °;c =h, Ah, (30)

a;ﬁ'h2Ah2 »

where A is the scattering matrix expressed in an orthogonal linearly polarized
reference system, and obtain

A =1, , ' (31)
321 9
the  same scattering matrix expressed in a system using reference elliptical
polarizetions h, and h, . The advantage of choosing orthogonal elliptically polarized
veference vectors is that a proper choice makes ths scattering watrix real and
diagonal. This process is similar to choosing normal coordinates in mechanics.

(4). Maximum and Minimum Echo and Associated Polarizations
Let us study the variation of Q by using a reference system in
which the scattering matrix is real and diagonal. Then

t
Q= h Ak (32)
where
a, 0
A . (33)
0 gy
Now
. t .r t r
U= |hy hg agy + Ry by ag,] (34)
where
t, 2 t 2 r 2 r 2
Ihgl' + Ihosl = Ik‘gl + |h¢l =1 . (35)
The raximur value of Q under these conditions is attained for either
t r ¥ r
he.hanl, h¢-h¢.0 (36)
or
t r t r
"o"‘e"o' h¢.h¢.1 3m

sccording to vhether |a,,| > |a,,] or |ay,| > la,,] . In either case tranamitting and
receiving entennas are identical for maximum echo, and the returned signal is of the
polarization that the transmitting antenna bsst receives. These properties are inde-
pendent of the choice of reference vectors. Therefore, if the scattering matrix is

av

> & wm.w s+ s
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expressed in a linearly polarized refesence systen:

Q34 9y

A ’ (38)

8y ayp

since the returned wave must be of the pslaiization which the transmitter best receives
e [
A hops sAf . (39)
where the asterisk denotes courplex conjugate. Then,

Q.., - Ihopt Ahopgi = P‘I Ih,’t h,:pgl 3 l)\! ) {40}

and the maximum echo is proportional to |A]2, Taking the corplex conjngate of eq. (39)

[ 4 L .
AR AT (41)
Ccvbining, )
A Ab =ATAh

. . (42)
(A"A-A* D hop'no,
The optimin h is an eigenvector of 4" A, and the maxirur echo is the larger of the twe
roots of the scculer determinant. Thus

2 M2, =0 ol -4 (43)

where
b« lﬂulﬁ + I%ela ¢ 2!“1?’2
(44)

¢a oy, %QIQ + Ja,,l* ¢ '“n “1:1’ + lay, “eela - lay; lay, * 0"”9 .

The ~ptimar polarization is given by

A Gyy 939 * Gy, 0;2
(-Iﬁ-) ) 2 P 2 : (45)
' pt la"l M la“l - p\lau

”

Since the maxirun return cen always be achieved using the same antenna for transmitting
and receiving, optimue periotrance will be sought in this ciass of transwitter-receiver
choices. The polarizstions which yield 2ero echo retum are given by

%y Oy t"g

0« (hg hy) (4)
0, % h-a

Qahjoy ¢ 2k hoay,+hla, (47
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With the condition [h,|” + |h|® « 1, this is sufficient to determine the two choices
of tranamitter and receiver polarization which yield echo return.

(5)c ODiscrimination When Clutter (s lsotropic
Suppose that a choice of antenna polarizatioms is desired which will
yield zero vesporse to an isctropic target, but a maximunm respoase to a nonisotropic
target. In a circularly polarized reference system, an isotropic target has a scarter-

ing matrix of the form
/0 ey

A ' (‘9)
6, 0

since a right-hand circularly pelarized ante:.ma used for transmitting and receiving
develops no terminal voltage when illuminating an isotropic target,nor does a left-
hand circularly polarized transmitting-receiving antenna. The returned wave is of
the opposite sense vo the transmitted: therefore the off-disgonal terws in the scaite.-
ing matrix are equal and nonzero., The type of transmitter-receiver carbinations that
yield tero reaponse frar auch a target are given by

Pt
ror [9 O [N
0 = (hy hy) ¢ , (50)
%2 0 hz
By dg + hyhyc 0 . (51)
Since
gl [hgl® w17+ gl o 1 (52)
this condition requires
Al w - A,
(53)
r ¢
Ao by

Thus there are an infinite nurber of combinstions of transeitter and receiver
pola:isaiions which give tero echo from an isotropic terget. %e now deterrine which
of these combinetions gives reximum eche fror s nonisotrapic target, with 3 scattering
watrix (in a circulerly polarized reference systemr)

8, 942

A . (54}

Say 952

10
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For the given class of transmitter-receiver cambinations
81y Gyg| [hy

Q b (hg hq) (55)

824 G2 hy

Q= lagg by = ayy h3] . (56)

The choice of h, and h; which makes Q a maximwr, subject to the condition

[hyl® + lhy|® =1, (57)
is again
hy =1,h;=0
or (58)
hy=1,h =0 ,

depending upon whether |a,,| > |az,|, or |ag,! > |ay,
nonisotropic target will be simultaneonsly achieved with zero from isotropic clutter

. The maximer return from an

for either right-hand circularly polarized identical transritting and receiving
antennas, or identical left-hand circular)y polarized transmitting snd receiving
antennas, depending upon the target. Note that these two choices of transmitter-
receit:r combinations are the only anes in this class for which transmicter and

receiver are identical.

b. Analysis of Data

Wien the scattzring matrix for a single aspect of a radar target has
been deterrined, the p.larization which yields maximur or zero echo return may be
found by methcda already discussed in this report. For a renge ol aspects of one or
more targets, however an over-all optimar polarization is desired. If, for esch
sapect of a given target, the carplete polarization depeadence of echo return can be
depicted graphicaily, then the optimur polarization for a range of aspects can be
selected by a stnudv of the superirposed charts.

A grephical presentation of the polarization depandenc: of echo retum
may be made bv the use of 3 poleri.ation clart, on which each point cotresponds to a
perticular antenna polarizacion. If the same o lcitne vz used for transmitting end
receiving, conatent echo cu.ves may be doawn on this clart, along shich curves the
echo return frar a given -~get remeins consrart. Several types of polarization
cherte ere availsble. The g-plane? representation of polarizetion is ¢ desirable one
since the spece-fixed angle oi the major axis of the polarization ellimse as well as
ite ellisticity ere «imply related to the coordinates in this plane. If the vector
height of an satenns in a circularly polarized reference syates is

11
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then a carplex quantity

q= (60)

hy
hs ,
hy (59)
h,
hy
is defined. Plotting these complex points on a plane in the usual menner yields a
reprezentation for which each antenna polerization corresponds to a single poinz. The
origin corresponds to circular polarization of ane sense; the point at infinity to
circular polarization of the other sense. Circles about the origin describe contours
of conatant |q| slong which the ellipticity remeins constant, and radial lines describe
contours of constant arg q , along which the space-fixed direction of the mejor axis
rerains constant. The ellipticity is given by

I1+ |qf

€= (61)

1-lql

and the space-fixed direction of the meior axis is an angle ¢ from the reference axis
where

Xa=argq . (62)

Since the region outside the unit circle in tiiis representation contains al] the
polarizations of one sense, end the region interior to the unit circle containa all
those of the oppoaite sense, it ia found useful to transform the region exterior to
the unit circle into the unit circle so that the same representation is obtained for
left-handed polarizations as for right-handed polarizations. The g-plane upon which
polarizations sre plotted consists of two feces of the unit circle. The region
corresponding to right-handed elliptical polarizations is one face, the region corre-
sponding to left-handed elliptical polarizations is the other face, and coordinate
Jines are the same on each face. Such a chart is shown in Fig. 2. The curves along
which the echo retum for a yerple target is & constant nurber of decibels below the
raxisur, are plotted on the right and left-hand faces of u g-plene chert to illustrate
this veriation in Figs. 3 and 4. The ¢-plene representetion has the disadvantage (as
do all plane representationa of polarizetion) of distorting the true diatance between
points on the polarization chart, and the constant echo curves sre alao seen to be
quite complicated. For enother choice of reference polarizstions, other than circulacly
polarized, another chert of this type could be constructed; the distance between two
points on the chart differing froe that obtained in the ¢-plane reprezentation. The
choice of base vectors which will bast aisplify the conatant echo curves wculd be that
choice for which the scattering retrix becores diaganal. A better picture of Whe true
forw of the constant echo curves is obtained by the use of a three-dimensional
polarization chart.

13
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When proper base vectors are chosen, the scattering matrix becares resl

and diagonal, and
8, 0 h !
@ -, h,)( ) ' (63)
0

Q22 h,

2

Q" = logy b + ay, h3l (64)
where A, and Ay are the complex components of the vector anteana height in this
elliptically polarized reference system,

hy = H, cj 2

(65)
h, o, & 2
q = U

where H, and H, are real and positive, and § is the plase leed of A, over h, . A
three-cospanent vector P is now defined for each polarization h, , h, by the relations.

b 4
4
Hy - iy
2
y » H Hy cos b {67)

2ol Hysind .

Then, since
H+H) -1 (68)
2
2 2 2, 42
Sy BB R (,) 2 e
4 4 < 2 4

The vector P is restricted to a splere of radivs r « % . To each point on the sphere
correapands one and anly one elliptical polarizatian. Now

2
Q" o I°u ": * oy, I‘:l (10)
Qs af, M} + 0y, Iy * 20,, oy, I} 1] cos 26 (T
F ool s+ % va), (x-%7 +20,, 0y 1y - 27) . (12)

S 2 . .. .
The condition Q° « constant fixes the echo return, and lirits the vector P ro Jie on
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a quadric surface given by

C'eaf, (2 + %7 + a3, (3~%)7 + 20, a, (y* - 27 - (73)

But since P must also lie on a sphere of radius ¥ . we are interested in the inter-
sections of this quadric surface with the sphere. If the curves on the s.rface of the
sphere were projected upon the ry-plane. the z- dependence would vanish. The cquation
of thic ojected curve may be vbtained by elirinating z from

CPaal, (s+ %)+ a3, (x -7+ 20, a,, (y* - 1%} (78)
2hyte? .t (75)

4.
or

C® = (g, * a5y)" (3 - d)7 + day, a5 5°
(76)
1 ("n T 829

d g—| ———— .
2 \an tay,
This is the equation of an ellipse with center at x ad y = 0 . The prolections of
the constant echo cnrves on the xy-plane are,therefore,a farily of coacentric ellipses
with the sarme eccentricity. The orthoprap.ic projections to the three principal planes
of the constant echo cnrves on the polarization sphere are shown 1n Fag. 5. Top view
corresponds to lookiug along the y axis at the sphere froat view is looking along the

5-axis, and side view is taken along the z axis. The polarization sphere 1s not a new

concept..s and has the advantage of being an wndistorted representation of polarizstic. !

The g-plane method of represeating polarization 1s sieply a polar prorection of the
points on the surface of the splere using two opposite poles of the sphere correspond
ing to the choice of reference polarizations. In particular the ¢ plane chart we nave
discuased uses right and left-handed circnlarly polarized pole poants  If that pro-
Jection were rade of the curves 1llusteated 10 Fig. S aince the poles =\ght be
acbitrarily located on the sphere with reference to the optimur coordinate axes a
complicated set of curves would be obtained llowever fror a mowledge of the constant
echo loci on the sphere their projection in a preferred set of directions cun always
be visualited. Corparison of the conatent echo curves for more than one target mey be
wede on the surface of the aphere 1tselfl and the proiection which causes Jeast dis-
tortion of sreas of interest can he chosen.

Several gencral cleasifications of radar tarpets are snggested by the

form of the constant echo curves on the polarization sphere  The cucves for a given

target are scen to depend only upan the seperation of the two polarizationk shich

17




Nusbers indicate echo area
associated with particular

curve or point.

Fig. 5 Constant echo loci on polarization aphere.
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yield zero return, and the location of these two neints on the polarization sphere.

If the two points on the sphere for which zero echo is obtained coincide, the constant
echo curves are circles on the surface of the sphere, and maximum echo is achieved for
the polarization orthogonal to that yielding zero echo, represented by the diametrically
opposite point. A target such as this, for which only one choice of antenns polariza-
tion yields zero echo return, could be called a *'linear’’ target. A wire is a particu-
lar case of linear target. A ‘‘linear’’ target slways returns a wave of a given
elliptical polarization, regardless of transmitter polarization.

If the two polarizations for whicl zero echo is cbtained are a maximen
distance spart (opposite poles) the canstant echo loci aze again circles on the
polarization sphere, and maximem echo is obtained for any point on the equator relative
to the two poles. Such a target may be called a generalized ‘‘isotropic’’ target. A
sphere is a particular case of an isotropic target for which the two poles of tero
retum are the circularly polarized peles of the polarization sphere. A genersl target
would be one for which the polarizations of zerc return are located at same distance
intermediate to zero and the diameter of the polarization spliere.

C. MNeasurement of Scattering Matrix
(t). Variation of Scattering Hatrix With Coordinate Rotation
In the determination of the corponents of the scatiering matrix by
arplitude measurerents ajone, the effect of coordinate rotaticns on thase components
is irportant.

If the acattering satrix (for linearly polarized reference vectors)
relative to the unprired courdinate ayster shown in Fig. 6 is

4, 94
A . (m

\’n %29

and the coordinate axes defining the positive £ snd ¢ directions wre rotated by an
angle & about the 3-axis to the directions indiceted by the primed vectors, the com-
ponents of the incident and reflected waves relacive to this new coordinate aystes
trensfore accerding to:

Eo . co3 @E; -~ @E;

(18)

Ee «stn O E, + cos cbb"
where the unprired corponents refer to the origins] axes and the primed corpanents to
the nee axea. The vector height of transritting end receiving entennas trsnsfore in

19




Fig. 6 Cocordinate rotations.
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the same mannar; hence

841 84, A

-] .
Q- (hy h¢) (19
321 O3 h¢
., , fcos® sin@\ fa,, a,,\ [cos P -sing h;
Q« [ty hy) ,
-sin @ cos ) \a,, a,,] \sin¢d cos h
[ d;l 932 hé (R0}
Q= |(h, hat , , (81)
%G Gyf \h
where
a,', .0, cos? ¢+ 2a,, sinpcos P+ a,, sin® ¢
a;, - c,', e (055 ~ 0y,) s D cos D+ a,, (cos’ &~ sin® @) (82)

fa;, - a,, sin? ¢~ 2a,, sin ® cos D + qa,, cos’ ¢

These equations relate the corpanents of the scattering matrix (for linearly polerized
reference vectars) relative to one coordinate syster to thase in a voordinate system
rotated a positive angle @ sbhout the z-axis. [f the sare linearly polarized sntenna
is used for transritting and receiving, the equation for a,, describes the variatioa
in received voltege sas the antenna is rotated abont the z-axis. [f a linearly
polarized tranaritting antenns end an orthogoas! linsarly polarized receiving snteana
are both rotated about the z-axis, the equation for c;, describes the varistion in
received voltage a2 a fuaction cf the sagle of rotatica. The cquation for a;, is the
same a3 that for q;,. with @ replaced by & + w2,

The determination of the carponents of the scettering metrix
iavolves the deterwination of three megnitudes and twe relative plisses. Seven
wplitude messurements are necessary to campletely determine the scettering wetrix.

From the equation

lay: - oy,)

e;= {G) a2 % e, co3 2 (83)
2
8,5 (%) = oy, (84)
;3 T Gy
a,. {45°) = (85)
21
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+a50] - (86)
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AN The absclute magnitudes of these three complex quantities can be messured using a

ot . . _ . . ..

X vertically polarized transmitting antenna end a horizontally polarized receiving

<A . P o

AR antenna in each of the ihree reference pusitiona. A vector triangle may ve constructed,
bl

c".\

as in Fig. 7a, to find the relative phuses of the complex quantities. An ambiguity in
the sign of the phase aagle of a,, relstive to a,, = a,, arises. The phase of a,,

' relative to a,, - a,, is either ¥ ¢ or ~ a , depending upon whether the vector triangle
is the triangle with solid sides, or the one with dotted sides. A measurement of the
<. magnitude of the voltage received when using a circularly polarized transmitting-
; receiving antenna combination vields the magnitude of the vector

“n 81y T 820

» t) 8y, . (87)
o Only one choice of phase for a,, will yield this magnitude; hence the phase of a,,
- relative to 4,, - @,, is determined. Let the two vectors a,, and a,; - @,, be

B represented in Fig. 7b. Measurement of the absolute magnitudes of the quantities

a;x (0°) = ay,
n (88)

'
~ a4y, (Oo) LI PP

ray be made using the same lincarly polarized antenna for transmitting and receiving.

The vector triangle with sides a,,, ¢,,, and a;, - a,, may be constructed, with an
E ambiguity ‘u the sign of tiie phase angles 8 and ¥ of ¢;, and a,, respectively relative
to the ref>vence vecter @, — ¢,, , as shown in Fig. 7c. A measurement of the
:: magnitude ol a:1 (45%) will determine which vector triangle is correct, since only one
E:: will give the correct valus for a;, (45°) from the formula
' +

ag (45°) = %- (ayy + a3, = 2ay,) . (89)
N
‘: Thus the magnitudes and rela.ive phases of the components of the scattering matiix
‘: csen be determined from seven arpliinde measurerents alone.

d. Experimental Studies
(1) introduction
The experiments]l work on this project has been done primerily in

the second half of the contract year. Becouse of the nature of the original contract

. it was considered only a minor extension of the principsl purposea of the contract,
\ nwmely, theoretical predictions and analysis of techniques to be used in various
-~

\
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Fig. 7 Vector triangle resoiution.
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polarization studies. It was desired, however, to develop special equipment which
could be used to test the validity and usefulness of the theoretical studies and to
obtain additional polarisation data from actual reflection measurements. It was
necessary to develop apparatus with which to measure the scattering matrix of a given
target for all -aspects.

The basic problem of polarization reflection measurements is to
devise a system which tranamits waves of arbitrary polarization and is simultaneously
capable of measuring the return echo, whith may again be of arbitrary polarization.

Scattering ratrices can be determined from measurements mede with
linearly polarized transmitted waves. Since techniques for measuring the ordinary
component of echo ere well developed, the major =ffort has been devoted to developing
equiprent to measure the cross polarized cavponent of echo.

(2). The Measuring Apparatus
Construction of S- and X-band signal generating equipment, to be
used for proposed polarization reflection studies, is underway. This equipment employs
conventional tubes as frequency multipliers which drive Sperry klystrons to provide
crystal-controlled, 1000-cycle medulated output at S- and X-bands. The cutput is
designed to be extremely stable with respect to frequency, power, and modulation
variations.

Complete descriptions of this generating equipment are available in
Praject Report 302-28.7 It contains electrical diagrass of the system together with a
discussion of the design features and capabilities of each carponent. The following
are the only important design changes:

(8} Instead of a wave analyzer (as shom in Fig. 1 of Project
Report 302-28) with output at S0 kilocycles, a highly selective 1000-cycle erplifier,
designed at the Antenna laborstory,is used. The response of the amplifier is four
cyclea wide at the half-power points.

{b). In place of the standard sudio generator (located at a central
point in the leboratorv) e 1000-cycle tuning fork source is built into the equipment.

(e} A linear amplifier in included on the same chasais with the
square root smplifier, rather than on a separate chasais.

Other than the above changea, the genersting equipment is
vasentially eas described.

4



The first equipment for the proposed polarization measurements
was designed as follows. A variation on a hybrid (or magic) T was built with the two
colinear arrs made of one-inch square wave guide. The E- and H-plane arms, correspond-
ing to those of s conventional hybrid T were made of | by X-inch wave guide. A second
1 by ¥-inch E-plane armw was placed directly opposite the H-plane arm on the squsre
wave guide. This apparatus was a form of what may be call a *‘hybrid X'’ and was
designed to permit simultaneous reception of both the ordinary and cross polarized
components of the return signal.

The hybrid X syster, briefly described above, was only
partially successful. Its princips! disadventage was the grest amount of cross coup-
ling between the two orthogonally polarized receiving arms. This cross coupling was
due to the fact that the two receiving arms were located at the same junction and were
not perfectly matched to the square section forming the colinear arms of the hybrid T.
The matching could undoubtedly have been improved by the addition of triple stub tuners
in each of the two arms. It was believed, however, that this would introduce other
carplicating factors into the operation of the arms. The two receiving arms are shom
in Fig. 8. They are designed for superheterodyne detection with an intermediata frequency of
30 me; hence efficient mixing action is highly irportant.

Even though tests showed the two arms rasponded primarily to
linear components of the return wave seperated by 90°, there was still sufficient
distortion of the fields at the conmon junction(and reflections at the mouth of each
arm)to greatly decrease the effective isclation between the two arms.

A second difficulty concerned nulling techniques. The basic
problem of nulling is to design the receiving system to obtain a high degree of
discrimination against the outgoing wave in favor of the incoming or reflected one.
When this diacrimination has been achieved the receiver is said to be nulled. In the
hybrid X system the nulling probes, which consisted of two sets of three probes each,
were not carpletely independent of each other; for even though the teo sets of probes
were mounted in perpendicular plenes in the square guide, there still was interaction
between the two sets. Cansequently, the adjustments of the probes to null the ordinary
receiving arm upset the nulling of the cross polarized receiving am and vice versa.
These inherent difficulties of the hybrid X systee indicated certain desirable changes
in design.

The present measuring assesbly, exclusive of al! aignal
generating equipment, ia shoen in Fig. 8. it wes developed from considerstions of the
dissdvantages of the hybrid X ayster. It was desired to obtain s system in which the
two orthogonally polarized receiving arve are more independeat of each other, that is,

25
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respond only to their reapective polarizations with little or no crosa coupling., To
N ' accomplish this the two receiving arme are effectively isolated by leaving the ordinary
! receiving arm as the E-plane arm of a hybrid T, and placing the cross polarized
receiving arm on the side of a 12-inch length of one-inch square wave guide. This

. square section of guide is then connected to the cutput colinear arm of the hybrid T
by a tapered transition section as shown in Fig. 9. The tapered transition section

. acts as a wave puide filter for the cross polarized corponent of the return signal;
n hence the two arme are effectively isolated as far as cross coupling is concerned,
provided rotation of the plane of the creas polarized camponent, while passing through
the square section and the transition section, is held to a low velue. If aymmetry ia
. raintained, only the ordinary carponent pesses through the transition asection to the

. hybrid T.

,’ While this method seemed an adequate solution to the first

’ difficulty of the hybrid ayster, that is, cross coupling between the two arvs, it
appeared likely to increase the difficulties of obtaining simultaneous nuils in both
f receiving arms; hence the problem of nulling the cross polarized receiving arm wes

. considered in aome detsil. The uae of a phasing line and attenuator system vas
considered to introduce a signal frem the source into the cross polarized amm. If the
signel is of the proper phase and amplitude, it will cancel the residual signal picked
." _ up by that arm fror the transmitted wave. The residua] signal would be produced by
the almost uhavoidable rotation of the transmitted E vector in passing through the

: transition and square guide sections. It would be a corplicated system of nulling,

- however, and subject to problems of vibration effects and operating stability.

L o Ep oy

g In order to obtain a more sirple and stable aull, a smell
probe wes inserted at a point along the side of the square guide section at the proper
position, depth, and angle to couple a signal of the required phase and amplitude into
" the cross polarized arm to cancel the residual signal in that arm, Thus with no target
in place the resultant signal into the cross polarized amr was very nearly zero, which
satisfied the required condition for a useable null. The cross polarized null was
sdiusted first, and then sovement of the ordinary nulling probes had little effect an
the cross polarized null due to the isolation provided by the tapered transition
section.
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The transmitter input scurce consists of a 3.33-cm cryatsl-
controlled output of several milliwatts square-wave modulated at a frequency of 1000 cps.
‘ Referring to Fig. 8, the usual procedure is to feed the trensmitter input with the
' ) E<plane horizantal into the H-plane arr of the hybrid T. The losd arm of the T is
connected to the ordinary nulling section ehich consists of three metal probes 1/16-inch
in disreter protruding into the guide paralle] to the E vector. Thesc probes ere
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screwed into the guide uaing extremely fine threads.

The ordinary nulling section connects to a commercial,
attenuator-card-type, dumry Joad. Approxirately one-half of the input power is absorbed
in the dummy load. The remaining hLalf of the input power passes through the transition
section into the 12-inch square guide section and thence to a square horn.

A short piece of rectangular (1 by ¥-inch) wave guide branches
off the middle of the square guide section and receives the cross polarized component
of the return signal. The nulling probe, inserted vertically through the wall of the
square guide opposite the rectangular cross polarized arm, is shom in Fig. 9. This
probe is a short piece of No. 22 copper wire embedded in a 1¥-inch length of }/8-inch
diareter polystyrene rod. The piece of wire embedded in the rod protrudes about 7/32-
inch into the square guide without touching the wall of the guide. The nulling depth
and angle are deterrined experimentally. When adjusted properly the probe gives a
very satisfactory null in the cross polarized arm, After the cross polarized arm is
nulled,the nulling of the ordinary receiving arm (still with no target in place) is
accomplished with the three metal probes in the ordinary nulling section. As mentioned
previously this sdjustment does not affect the cross polarized null, but the converse
is not true. Thus by several very careful adjustrments it is possible to achieve mi!ls

in both receiving arrs sirultaneonsly with full power ontput.

It has been found desirable when making measurements to
tranamit hcrizontal polarization to minimize reflections fram the ground. The horn used
is 17 wavelengths long with a tota] flare angle of 11°. With this horn difficulties
were encountered fror multiple reflections due primarily to the presence of ainor lobes
in the E-plane pattern. Operating with the target st a short range and tranamitting a
horizontally polarized wave, the effects of multiple reflections were decreased but not
caroletely eliminated.

The effects of multiple reflections were ohserved by using
metal apheres ranging froe three to eight inches in diareter as targets,and noting the
variations in amplitude of the return signal as the spheres oacillated slowly in a
horizantal plane. large percentage variations were chserved in the retutm to the
ordinary receiving arm. These veristions were ruch larger than those which would have
resulted if only the effect of the varying renge were present. In order to minimize
these effects and increase the reliability of the measurements abtained with the systes
especially with large redels and extendsd targets such as rein, a new hom has recently
been canpleted which has a sherper bear, larger aperture, and no minor lobes of sny
importence in either the E- or H-planes. This horn is 55 wavelengths long with s totsl
flare angle of 11°. A test of this horn showed that the variations in the arplitudes of
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the return signals from several spheres due to small motions were not greater than plus
or minus three per cent.

(3). Tests of the Measuring Asseabdly .
The following results have been obtained in determining the over-all
response of *° 3 measuring azserbly.

(s). A atraight thin wire gives waximar return in the ordinary
polarized receiving arm when the wire is oriented parallel to the transritted E vector.
The return signal in the ordinary receiving arr decreases st least 35 db as the wire
is rotated 90° in a plane perpendicular to the direction of propagstion.

(4). A thin wire at 452 to the vertical gives maximm retum in
the cross polarized receiving amm. A vertical or horizontal wire gives noise level
response (at least 30 db down) in the same receiving amm.

(¢). A thin wire at 45° to the vertical gives comparable retura in
both the ordinary and cross polarized receiving arms.

(d). The return in the ordirary polarized arm from a metal sphere
is large while the return in the cross polarized arw fram the same sphere is at least
35 db dowm, aa it should be.

{¢). Crudely simulated reainfall gives a large retum in the
ordinary arm. The swme simulated rainfall gives return more than 40 db down in the
cross polarized arm.

(f). The sensitivity of the ayatem is suffic “»nt to record the
effects of single drops and small metal balls 3/16-inch in dimmeter as they fall
through the beam sppraximately 10 feet fraem the mouth of the horn. The return from
the single drops or the small balls is ohservable omly when using the ordinary
polarized arm. No retum is indicated from thess in the croes polarized am

(0). Prelurinary teats using « model of the F-50 (1/2C acale) math
the wings horisontal, end transsitting a vertically nolarized wave, indicate large
fluctuations in the retum to the cross polarized erm as the rodel ia rocated sbout a
vertical exis. The variation between the maximm brosdside retum signal and the
return signal shen the nose or tail is head-on is rore than 40 db.

Further details of the above testa are:

(a). This measurement wes mede using s vertically polarized
transmitted signal. As in oll these tests, the epparatus was first nulled properly 1n
both receiving arvs. A 6-inch wire, 1/16-inch 1n diareter,wes suspended vertically,
and the smplitude of the ordinery polarized component returned fram the wire was

30




cheerved on the spsedemax recorder. The wire was then rotated 90° in a plane
perpindicalar to the direction of propagation and a second reading made.

(3). In this measurement & horisontally polarized wave was trans-
mitted. The saee thin wire used in (s). was placed at an mgle of 45° to the vertical
and rotated about a vertical axis wntil peak return was indicated. The wire was then
rotated about the direction of propagation in steps of 5° or 10° (measured with s
transit) and the weplitude of the return signal in the cross polarized arm vas measured
and plotted,as shom in Fig. 10.
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Fig. 10 Comparison of response curve cf cross polarization
arm with theoretical A, ain § cos 6 curve.

The two curves shown in the figure are norwalized to heve o
camon point at § « 45°; for successive points were abtained by rotating the wire
through known angles on both sides of 45°. Further calibration work sust be dons,
however, before & curve such as this can be used es o standard for the characteristics
of the cross polarized srw; for an eccurate calibration of the receiver at the gain
satting wed is oot available. The curve is included primerily to show the general
shape of the respase curve of the cross polarized arm in comparison with the ideal
sin & cos 8 relation.

(c). To obtain this measurement the sase wire was agnin placed at

a
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an angle of 45° with the vertical. When transmitting either horizontal or vertical
polarization, the return should be of the same amplitude in both arms. This idea!
condition has not yet been obtained due to a seall mismatch between the cross polarized
arm and the square guide section, which causes the sensitivity of this amm to be six db
dom with respect to the ordinary arm when using the amell hom, and 14 db dowm: when
using the newer horn, on which matching adjustments have not been completed. Since
these differences in sensitivities between the two arms are constant during sny set

of measurements, the necessary compensations can be made in the gain of the receiving
equipment to give equal speedomax readings in both arms with the wire at 45°%. It is
expected that mtching adjustments can be made when using the new aquare horn which
will bring the differences in sensitivities within six db or less.

SRR P

(d). The 35-db figure given here is the lower limit of the isolation
between the two receiving arms. It has not been possible,thus far,to measure the
upper limit with a useful degree of accuracy. The messurement of the lower limit of
isolation was made by using a five-inch metal sphere and measuring the ratio of the
return signal from the sphere in the ordinary amm to that in the cross polarized arm.
The return signal in the cross polarized arm was undetectable and taken as noise level.
The six.db difference in the sensitivities of the two arma was taken into account to
obtain the figure of 35 #%. To obtain the upper limit of isolation between the two
arms it will be nazcessary to use a target with a back scattering matrix like a sphere,
and with an extremely large echo ares (perhaps a large metal disc), before a detectable
response will be abtained in the cross polarized are.

The above measurement was confirmed by an alternative method.
Using a 10-inch metal sphere, noise level response was indicated in the cross polarized
amm, and the speedarmx reading of the noise level was noted. Lleaving the sphere in
place, the receiver was changed to the ordinsry arm,and the necessary attenuation
inserted to give the same reading on the speedomax. The attenuation inserted was 38 db
in the sudio line and appraximately 18 db in the intermediate frequency section of the
AMR-¢ receiver. Subtracting the six-db difference between the sensitivities of the
two receiving arms yields an isolation figure of approximstely 50 db. This is & good
check of the isolatiom figure of 35 db given previously, and it also indicates that
35 db may be too conservative.

(s). Rainfall wes zimulated by using overheed hoses and showerhesds,
with the Jrops falling approximataly 9 to 14 feet before reaching the center of the
besm. Due to varying wind conditions there was a large variety of shapes and asizes of
drops. Nevertheless, this simulated rainfall gave retum in the cross polarized arm that was
wore than 40 db doen from the retum in the ordinary polarized ars.

(f)s and (9). There are no further details at present to add to
these two sections.
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It should be pointed out that all measurements to date have been
carried out with borrowed equipment, and under these conditions it is not possible to
state the exact quantitative accuracy of the measurements included herein. In all
cases conservative values have been given.

D. CONCLUSIONS

No advantage is to be gained in maximizing the echo fram a particular target by
the use of different antennas for transmitting and receiving. It is possible to design
an antenna which, when used for transmitting and receiving, will make the radar system
‘*‘blind’’ to a particular tirget. Discrimination between rain and wircraft echo response
will be dependent upon differences in the form of the scattering matrices of the two
targets. If rain can be considered an isotropic target, the maximun echo fram non-
isotropic aircraft will be simultaneously schieved with zero return from rain, using

either right or left-handed circularly polarized antennss, depending upamn the nature of
the target.

A systematic study can be made.of *he polarization properties for various aspects
of a given target by the use of conatant echo curves on a polarization chart, and the
optimum polarization for a raage of aspects thus determined. Use of a polarization
sphere, upon which each point correspands to an elliptical polarization, simplifies the
form of the constant echo curves and aids in classifying target properties.

Determination of the scattering matrix of a target by the use of amplitude measure-
rents alme, is possible. Seven amplitude messurements are necessary to deteruine all

camponents. Present equipment and measurement techniques are adaptable to this method.

E. PROGRAM FOR NEXT INTERVAL

Simple wire arrays will be constructed with predictable scattering matrices, and
measurements of polerization properties cospared to theoretical predictions.

Possibility of measuring circularly polarized echo returna will be studied.

Theoretical analysis to determine optiswm polarization or polerizations for
campletaly genersl targets to eliminate ''blind'’ aspects of target, if poasible.
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